A mathematical model has been developed to analyze the circulating flow characteristics in RH Degassing vessel designed for two-and multi-legs system. The homogeneous model with the spatially variable density was used to simulate gas-liquid flow in up-legs. The difference of density between pure liquid and gas-liquid was considered to be a driving force of circulation flow. The volume fraction of gas was obtained by modifying the gas plume model of the stirred ladle. The complicated geometry including ladle, vacuum, up-legs, and down-leg was considered by incorporation of blockage technique. Numerical calculations of the circulating flow have been conducted for the water model of RH degassing vessel with twoand multi-legs with changing the air flowrates from 5 to 35 l/min. Computed velocities at the exit of downleg agree well with the observed data available in the literature. The momentum transport in RH degassing vessel with multi-legs will be larger than that with two-legs. This is justified based on fact that the velocities in RH degassing vessel with multi-legs tend to be uniform, i.e. the mean velocity of bulk in a ladle is remarkably larger than that in two-legs. Simulated transient concentration profile of the tracer from top surface to interior shows clearly the difference of flow characteristics between two-and multi-legs RH degassing vessels.
Introduction
Many researches [1] [2] [3] on the circulation flow phenomena in RH degassing vessel have been conducted to improve the efficiency of secondary steelmaking. Recently, from the standpoint of environmental issue, the study on the long life of RH equipment is more and more emphasized. One of problems of impeding long life is corrosion of ladle wall by slag. For conventional RH degassing vessel with two legs, the slag is easy to be stagnant at wall near down-leg. Obata et al. [4] [5] [6] proposed a new RH degassing vessel with multilegs. The down-leg is placed at the center of ladle and three up-legs are used to adjust the velocity distribution and prevent corrosion of wall as shown in Fig. 1 . The result of water model experiment shows that the circulation flow rate of RH with multi-legs is larger than that with two-legs. 5) It is important to understand the velocity distribution and turbulent kinetic energy of molten steel in the RH degassing vessel with multi-legs for improving refining efficiency and life of refractory. However, experimental measurement provides only local and finite information in the whole flow field.
The purpose of the present study is to develop a mathematical model for the circulating flow in RH equipment including ladle, vacuum vessel, up-leg, and down-leg. Furthermore, this model is used to simulate the flow char-acteristics of the water model of the RH degassing vessel with two-and multi-legs.
Mathematical Model

Flow Equation for Molten Steel
Governing Equations
The buoyancy force of injected gas bubbles induces the circulating flow of steel. The homogeneous model with spatially variable density is used to simulate the gas-liquid flow. The force at the interface between gas bubbles and liquid disappears automatically. Since the difference of density between gas and liquid is very large, the gas-liquid system is not in equilibrium. Therefore, the difference between static pressure and the pressure in a bubble is not taken into account for the model. The molten steel flow is governed by the equations of mass conservation, momentum conservation, and turbulence model. The equations in Cartesian coordinate system are written in three-dimensional common form as follows.
..... (1) The equations for each variable are shown in Table 1 .
Density of gas-liquid flow zone, r, is calculated by homogeneous fluid model as expressed in Eq. Where the volume fraction of gas, a, can be obtained as described in Sec. 2.1.2.
Although the gas-liquid plume is included in flow field, the standard k-e two-equation turbulence model 8) is used to solve the effective viscosity, m e , since the turbulent flow model including two phases is not available. The reason is that the effect of gas plume formation on the turbulent viscosity has partly been taken into account by using the variable density, and the volume fraction of gas is relatively small in the bulk fluid.
Model for the Gas-Liquid System
The compressed gas is injected into vessel through four nozzles located iso-angularly at wall of up-legs. The difference of density between pure liquid and gas plume produces a circulation flow in the RH degassing vessel.
Castillejos and Brimacombe 7) proposed a relationship between the axial gas fraction and half-value radius in a ladle as Eq. (3) Where a L is the gas volume fraction in case that the reduced pressure is not considered, a max is the maximum value at the center of gas plume. The half-value radius r a max/2 is the distance from the axis of symmetry to the position where the gas fraction is half of the maximum value. The a max and r a max/2 are the function of flowrate of air and inlet diameter as reported in the literature. 7) Equation (3) obtained for the ladle injection is applied to the injection of the RH process. The process of gas injection into RH vessel is different from that into a ladle. First, four or more nozzles are used to inject gas into the up-legs from side wall. Second, the effect of reduced pressure should be taken into account. When the gas flow rate exceeds a critical value (15 l/min), a gas plume structure of ladle-shaped vessel in upper part from A section as shown in Fig. 2 can be observed as reported by Obata et al. 5) On the other hand, the gas bubble obeys the ideal gases law. If an isothermal process for rising of gas bubbles is assumed, the equation of state of a gas bubble is expressed as Eq. Where p 0 and V 0 are the pressure and volume of gas bubble at the nozzle outlet respectively. The gas volume in a finite volume can be calculated by the gas volume fraction. Pressure in Eq. (5) can be approximately expressed as pϭ p V ϩrg(HϪz) and p 0 ϭp V ϩrg(HϪz 0 ), where p V is the pressure in vacuum vessel, H is the height of liquid in the RH vessel and z 0 is the height of nozzles as shown in Fig. 1 . The bubble volume can expand to be ten times of the initial one at the nozzle exit where p V is 1.33ϫ10 2 Pa (1 Torr) and H is 1.5 to 2.0 m for practical operation.
Boundary Conditions
As the fluctuation of free surface is neglected, the axial gradient of all variables at the free surface is equal to zero.
Velocity and turbulent kinetic energy at the solid wall are zero. Empirical "wall law" function is employed to define the tangential velocity, turbulent kinetic energy, and the rate of dissipation of turbulent kinetic energy at the grid nodes near wall.
The P is first node point from solid wall. If P is in turbulent zone, the logarithmic law is used to calculate the velocity at point P. (6) where kϭ0. , the y ϩ is non-dimensional distance.
The other turbulent parameters are calculated as follows:
k:
e: e P ϭc m
Where V P is the velocity at the point P, u* is the friction velocity at wall, y P is distance from solid wall, and Eϭ8.8-9.0.
Tracer transport
Although the decarburization rate depends on both of the mass transfer and chemical reaction rates, only mass transfer is considered in the following analysis. The transient tracer transfer with convection and diffusion can be expressed by Eq. (7) The dimensionless expression (8) is same as Eq. (7) Where, CϭCЈ/C 0 , C 0 is the maximum concentration.
If the decarburization reaction is assumed to take place only at top surface of molten steel, the initial conditions are expressed as follows:
tϭ0 Cϭ0, in the fluid, Cϭ1, at the top surface. The boundary conditions at the solid wall are expressed as Ѩ(C)/Ѩnϭ0.
Solution method 2.3.1. Blockage technique for complex RH system
The existence of upper degassing vessel and legs has been ignored in the previous models. [1] [2] [3] In the present analysis, the model includes whole RH system including ladle, degassing vessel, and legs. The complicated geometry is analyzed by blockage technique, which creates no extra numerical difficulty.
The volume factor f V and area factor f A are defined as follows, respectively:
The discretization equations associated with these factors can be expressed by Eq. (9):
where, G f is exchange coefficient.
Conditions of calculation and algorithm
The geometrical parameters of water model with twoand multi-legs are shown in Fig. 1 . The size of model is about one-tenth of the RH system. For the new RH system with multi-legs, the diameter of up-legs is 50 mm, and down-leg is 80 mm. The sum of the total horizontal section area of three up-legs is approximately equal to the section area of down-leg. For the conventional RH system with two legs, the diameter of legs is 80 mm. The air flowrate varies
1, for fluid 0, for solid and 1, for fluid from 5 to 35 l/min. A finite volume method has been chosen for this calculation of complicated system. The non-linear simultaneous equations are solved by using SIMPLEC algorithm. A main mesh system of 42ϫ42ϫ60 is used to divide the calculation domain. A combination of Alternating-Direction-semiImplicit iteration scheme (ADI) and block correction is used to solve the discretized algebraic equations. When the relative difference between successive solutions is smaller than 0.05%, it is decided that the converged velocity and turbulence is obtained. Over 3 000 iterations are required to achieve convergence starting with initial zero velocity.
Results and Discussion
Obata et al. 5) have measured the velocity distribution at the outlet of down-leg of water model with two-and multilegs. These results are compared with the present mathematical model. To compare the calculated velocities with measured ones at the outlet of the down-leg, the dimensionless velocity and distance are defined as Eqs. (10) 11) where, w max is the maximum velocity at the outlet of the down-leg, D 0 is diameter of the vessel, and D 1 is diameter of the down-leg. Figures 3 and 4 show the comparison of vertical velocities between calculated and measured at the outlet of downleg of RH degassing vessel with two-and multi-legs. It can be observed that calculated values agree well with measured ones. The small difference may be caused by the overestimation of turbulent viscosity by the standard k-e turbulence model.
The calculated and measured circulation flow rates of water model are shown in Fig. 5 . The flow rate through down-leg is set as the same as circulation flow rate in the RH vessel. The calculated circulation flow rates are somewhat larger than measured ones, since an explanation is that the top surface fluctuation is neglected in calculation. The trend of flow rate with the gas injection coincides with that of measurement. Obviously, the more strong circulating flow in the RH degassing vessel with multi-legs can be observed.
To understand the flow characteristics of two-and multilegs RH degassing vessel, the velocity fields are calculated. Figure 6 shows the velocity vectors on vertical and horizontal sections of RH vessel with two legs. The velocity vectors with multi-legs are shown in Fig. 7 . The maximum velocity (0.515 m/s) of the multi-legs is smaller than that of two-legs (0.781 m/s). The velocity profile with the multilegs is uniform, i.e. the bulk mean velocity in ladle is remarkably larger than that with two-legs. Figure 8 shows the distribution of the turbulent kinetic energy at main sections for two-and multi-legs system. A significant differ- 3 . Comparison of calculated velocity distribution with measured one at the outlet of down-leg of the two-legs of RH degassing vessel. ence can be observed between two vessels. The turbulent kinetic energy is large only at upper part of up-leg with two-legs system. On the other hand, the turbulent kinetic energy distributed uniformly with multi-legs system. multi-legs when the air flowrate is 35 l/min. Obviously, it is observed that the velocity is more than 0.05 m/s in larger region of the multi-legs system compared with the two-legs system. Therefore, it can be concluded that the more momentum can be produced in the multi-legs system.
A schematic representation of air bubbles flow is shown in Fig. 10 . The circulation flow is induced by the buoyancy force on gas bubbles, when gas bubbles float. The surrounding fluid fills the space occupied by the air bubbles previously generated. If large amount of air is injected into the one leg such as the two-legs RH system, the volume occupied by air bubbles prevents the fluid flowing through upleg. If air is injected through three-legs, the three up-leg space can allow more fluid flow. Therefore, the larger circulation flow rate can be produced in the multi-legs system. To clarify the difference of circulating flow characteristics between two-and multi-legs systems, the transient tracer transfer is numerically simulated based on the flow field. The tracer is placed initially at the free surface of fluid. Figure 11 shows the concentration profiles at various times of the two-and multi-legs system for 35 l/min of air flowrate. The tracer in multi-legs reaches to the bottom of ladle at 10 s. However, it does not reach to the bottom for two-legs. The transfer speed of tracer in multi-legs system is remarkably faster than that of two-legs system. Figure 12 shows that comparison of concentration values at point A and B of two-and multi-legs system. The high transfer rate with the multi-legs system has been observed.
Conclusions
A mathematical model for flow phenomena of water model of RH degassing vessel with two-and multi-legs has been developed, and a gas plume model with the effect of gas expansion during the floatation of bubbles was proposed and the following conclusions are obtained.
(1) The calculated velocities at the outlet of down-leg agree well with measured values for both of two-and multilegs RH system of water model.
(2) Flow fields of two-and multi-legs systems have been calculated. The velocity profile with multi-legs is uniform, and the mean velocity in ladle is remarkably larger than that with two-legs, and the maximum velocity with multi-legs is smaller than that with two-legs. The same tendency also was observed from the calculation of the turbulent kinetic energy.
(3) If large amount of air is injected into one up-leg such as two-leg RH degassing vessel, the space occupied by air bubbles prevents the fluid flowing through up-leg. If air is injected through three legs as multi-legs system, the three up-legs can allow more fluid flow.
(4) Transfer speed of tracer in multi-legs system is remarkably faster than that of two-legs system, since the RH degassing vessel with multi-legs can produce more strong momentum transfer. 
